HOW to Wrap Axons with Crooked Neck
How can RNA processing direct specific aspects of nervous system development? In this issue of Neuron, Edenfeld et al. identified a novel function for two regulators of mRNA splicing in Drosophila: peripheral glial cells require Crooked neck (Crn) and Held out wings (HOW) to mediate migration and ensheathment of peripheral axons.
Glial cells develop intricate morphological features in close association with neurons that are key for the formation of a mature functional nervous system in vertebrates and invertebrates. An excellent genetically tractable system to study the mechanisms underlying neuron-glia interactions is the peripheral nervous system (PNS) of Drosophila (reviewed in Parker and Auld, 2006) . In wild-type embryos, most peripheral glial cells are born at the lateral border of the central nervous system (CNS); one additional glial cell is generated by sensory organ precursors (SOP) in each hemisegment. CNS-derived peripheral glial cells migrate outward along axonal tracts pioneered by motor neurons, while SOP-derived glial cells follow sensory axon bundles projecting toward the CNS. When migrating to their characteristic positions, peripheral glial cells initially extend fine leading processes along axonal tracts, followed by somal translocation. During late embryonic and early larval stages, peripheral glial cells mature and ensheath axons in a complex mode (Figure 1 ). Inner glial cells wrap individual or small groups of axons with one or multiple layers of processes, while outer glial cells, called perineurial glia, form an epithelial layer surrounding the entire nerve. Finally, glial cells establish septate junctions between their processes. These specialized cell contacts are characterized on an ultrastructural level by evenly spaced stripes of electron-dense material between adjacent glial membranes. Septate junctions contribute to the formation of a tight bloodnerve barrier insulating axons from the high K + containing hemolymph. This ensures proper electric conductance and action potential propagation. Although we have some insights into the regulation of early glial specification and differentiation, many questions still remain about the molecular mechanisms that direct late steps of glial maturation and in particular the migration and ensheathment of axons.
To identify new determinants regulating glial development in Drosophila, Edenfeld et al. (2006) (this issue of Neuron) focused on peripheral glia as model. Using a P element insertion into the 5 0 UTR of gliotactin as marker to visualize peripheral glia, the authors conducted a genetic screen for mutants with affected migration patterns. They isolated one allelic group with a conspicuous phenotype: peripheral glial cells regardless of their origins in the CNS or PNS failed to migrate. Careful laser confocal and electron microscopic analyses showed that peripheral glia in homozygous mutant embryos extended thin processes along nerves, but they neither migrated to their characteristic positions nor enwrapped axon bundles properly. Moreover, glial processes failed to form septate junctions between their membranes.
Mapping of the mutations using complementation tests and sequence analysis revealed that the isolated mutants were alleles of crooked neck (crn). Rescue experiments further demonstrated that crn is cell-autonomously required in peripheral glial cells. crn encodes a highly conserved protein found in yeast, flies, and vertebrates. The protein is characterized by the presence of 16 tetratrico peptide repeats (TPRs), known to mediate protein-protein interactions. Importantly, previous studies had shown that Crn and its close yeast homolog Clf1p control RNA splicing. This process depends on a large ribonucleoprotein complex, the spliceosome, that binds to specific 5 0 and 3 0 splice donor and acceptor sites at exon/intron junctions and mediates the removal of introns, as well as subsequent joining of exons. Crn is thought to mediate RNA splicing by promoting the assembly of the spliceosome complex (Raisin-Tani and Leopold, 2002; Wang et al., 2003) . A regulatory factor of RNA splicing would not necessarily be what (fly) neurobiologists would hope to find in their screen. But instead of stopping here, Edenfeld et al. continued their analysis, searching for potential interaction partners to determine the mechanisms underlying Crn function in the developing nervous system. Splicing is further regulated by RNA-binding proteins, which recognize specific sequences nearby splice sites and either enhance or block access of splicing factors. These RNA-binding proteins can for instance confer specificity as to which protein isoforms are made during the process of alternative splicing. Edenfeld et al. focused on Held out wings (HOW) as one candidate because of two important clues. First, HOW is a Khomology (KH) domain-containing protein and directly binds RNA; moreover, as a member of the conserved STAR (signal transduction and activator of RNA) family, HOW also has been implicated in RNA processing and alternative splicing (Park et al., 2004) . Second, HOW is closely related to the Quaking (QK) protein in mammals, which is required for glial maturation in the CNS and PNS. Notably, mice carrying mutations in qk show impaired myelination of axons by oligodendrocytes in the CNS. QK regulates alternative splicing, and known targets include glial-specific factors such as myelinassociated glycoprotein (MAG; Wu et al., 2002) .
Previous studies have shown that Drosophila how mediates cardiac and tendon-cell development (Zaffran et al., 1997; Nabel-Rosen et al., 1999) . It encodes two alternatively spliced isoforms: the short isoform HOW(S) and the long isoform HOW(L), that includes a nuclear retention signal within its unique C-terminal sequence. HOW(S) is detected in both the cytoplasm and nucleus, whereas HOW(L) exhibits exclusively nuclear localization. Crn is widely expressed during embryonic development and appears to be primarily located in the nucleus (Zhang et al., 1991) . However, Edenfeld and colleagues noted that when Crn was overexpressed in the embryonic epidermis, it was also present in the cytoplasm. Close examination of peripheral glia further revealed that the Crn protein displayed increasing nuclear localization during late embryonic development. This raised the intriguing possibility that the subcellular distribution of Crn and HOW could be linked. Edenfeld et al. provided three lines of evidence demonstrating that this is indeed the case. First, coimmunoprecipitation assays using Drosophila S2 Schneider cells showed that Crn specifically binds the short isoform HOW(S), but not HOW(L). Second, cytoplasmic localization of HOW was crucial for Crn localization, as a mutated form of HOW(S) with a nuclear localization signal could not be pulled down, while HOW(L) with a disrupted nuclear retention signal was able to form a complex with Crn. Third, overexpression analysis in a cell-based assay demonstrated that a membrane-bound myristylated form of Crn did bind HOW(S) but prevented its localization to the nucleus. These findings indicate that Crn binds HOW(S) in the cytoplasm and both translocate as a complex to the nucleus.
To conclusively demonstrate that the protein/protein interaction of Crn and HOW is functionally relevant for peripheral glial development, Edenfeld and colleagues turned to genetic analysis. Indeed, peripheral glia in how homozygous mutant embryos failed to migrate and to ensheath axonal bundles, thus displaying qualitatively similar defects as crn deficient animals. Moreover, phenotypes observed in embryos homozygous for crn and how were indistinguishable from those in crn single-mutant embryos. Finally, HOW(S) gain-of-function phenotypes in the wing, such as the reduction of blade size and of sensory organ numbers at the anterior wing margin, were partially suppressed in crn heterozygous animals. These findings demonstrate that both genes are required in peripheral glial cells and act in the same genetic pathway. But the question as to why the loss of two proteins regulating mRNA splicing can produce such a specific phenotype in the nervous system still remained unanswered. The next important step therefore was to identify the relevant downstream targets of Crn and HOW that direct glial maturation.
Edenfeld et al. had conducted a parallel genetic screen using a protein-trap approach to isolate transgenic lines, in which proteins are not only expressed under the control of their endogenous promoter/ enhancers but are also tagged by green fluorescent protein (GFP) (Morin et al., 2001 ). This screen yielded specific insertions in two genes, nervana2 (nrv2) and neurexinIV (nrxIV). nrv2 encodes a Na + /K + ATPase b subunit, while nrxIV encodes a transmembrane cell-surface molecule that is characterized by repeats of laminin G/ epidermal growth factor (EGF)/laminin G domains. Importantly, both proteins are components of glial septate junctions, and the loss of either interferes with bloodbrain barrier formation in flies (reviewed in Bellen et al., 1998; Paul et al., 2003) . Both genes give rise to different protein isoforms by alternative splicing. The protein-trap strategy relies on mobilizing a P element with a GFP-encoding exon flanked by splicing sequences. Upon insertion into an intron between coding exons of a given gene, correct splicing results in the generation of a full-length protein fused with GFP. However, if the splicing machinery is impaired, expression of the fusion protein is prevented. Consistent with a role of crn in RNA splicing, both nrv2 and nrxIV reporter gene expression was considerably reduced in the nervous system of crn homozygous mutant embryos. The protein-trap approach thus provides an important hint that nrv2 and nrxIV are downstream targets of crn. Three key experiments further established a role for Crn and HOW in alternative splicing of nrxIV. First, careful analysis of the nrxIV primary RNA transcript revealed clusters of putative binding sites for HOW. Second, in vitro assays demonstrated that HOW(S) can bind a transcript encoded by a nrxIV minigene containing these bindings sites. And finally, when the nrxIV minigene was overexpressed in glial cells, comparison of generated mRNA transcripts revealed differential patterns in exon usage in wild-type and crn homozygous mutant embryos.
Together, these findings make a strong case for a role of Crn and HOW in regulating peripheral glia maturation and, in particular, ensheathment of axon bundles (Figure 1) . They establish a novel link between Crn and HOW, demonstrating that they form a complex in the cytoplasm, which translocates to the nucleus. The Crn-HOW complex regulates RNA splicing of at least two target genes in peripheral glia, nrv2 and nrxIV, which are required for septate junction formation. These findings raise a number of interesting questions: To what extent do Crn and HOW control distinct or overlapping aspects of RNA splicing and do they have other RNA processing functions? Are there additional targets of Crn and HOW in the developing PNS? These could for instance be factors that regulate early steps of glial migration and axonal ensheathment. As components of septate junctions, neurexins are required to stabilize contacts between glial processes once they have been formed, while their role in the formation of glial processes in the first place is still unclear. Finally, Edenfeld et al. discuss the appealing model that the formation and translocation of the Crn/HOW complex may be regulated by axon-derived signals to coordinate neuronal and glial differentiation. The identification of such signals, as well as the underlying pathways linking them to Crn and HOW, will be crucial for understanding Invertebrate and vertebrate glia are often considered as fundamentally different, because they do not appear to share the same molecular programs, which direct early cell fate specification. Moreover, unlike their vertebrate counterparts, invertebrate glia do not form myelin sheaths although they do extend complex processes to enwrap axons. The respective roles of the splicing factors HOW and QK in invertebrate and vertebrate glia highlight a striking parallel in the use of determinants regulating late differentiation programs that are relevant for glial functions such as axonal ensheathment. In a new study in this issue of Neuron, Jakubs and colleagues report that adult-generated hippocampal granule cells develop particular functional properties when their birth is induced by epileptic seizures. The new neurons showed reduced excitatory synaptic input and decreased excitability. Their functional integration was thus adjusted to the prevailing functional state in the network. By this means, adult neurogenesis might contribute to network homeostasis in the epileptic temporal lobe.
When adult hippocampal neurogenesis, which had first been described in 1965, was rediscovered in the early 1990s in the context of neural stem cell biology, even the earliest reports that linked neurogenesis to aspects of brain function noted that adult neurogenesis appeared to respond to ''brain activity.'' Examples included the dependency of adult hippocampal neurogenesis on excitatory input to the neurogenic region in the dentate gyrus (Gould, 1994) , the response of neurogenesis to behavioral activity and experience (van Praag et al., 2000) , and the upregulation of neurogenesis by experimental seizures (Parent, 2002) .
Today we know that adult neurogenesis is quite directly influenced by neuronal activity, and presumably this control is exerted on several stages of neuronal development. Even ex vivo precursor cells can sense neuronal activity and translate it into a signal to initiate neuronal development (Deisseroth et al., 2004) . Early GABAergic input to the newborn cells further drives their maturation until full integration into the neuronal network is accomplished (Tozuka et al., 2005) .
Excitatory input from entorhinal cortex into the dentate gyrus, where adult neurogenesis occurs, was found to keep adult neurogenesis at a low level, while loss of glutamatergic input increased neurogenesis (Gould, 1994) . This excitation-dependent suppression is thought to be NMDA-receptor-dependent, although a few open questions remain. Given this observation, it seemed at first surprising that the pan-synaptic activation of other non-NMDA glutamate receptors, notably kainate-sensitive receptors, dramatically upregulated adult hippocampal neurogenesis, and numerous other seizure models essentially showed the same result (Parent, 2002) . For the physiologic net effect of glutamate on adult neurogenesis, the balanced action of different glutamate receptor subtypes seems to be required. Seizures quite generally increase adult neurogenesis and do so by several mechanisms (Figure 1 ). The obvious question was whether this response was another indication of pathology or sign of an endogenous regenerative response.
One of the two independent studies (Bengzon et al., 1997; Parent et al., 1997) that had first reported the induction of adult neurogenesis by seizures came from the groups of Olle Lindvall and Merab and Zaal Kokaia at the Wallenberg Centre in Lund, Sweden. This same group has now added a new important step to this research by demonstrating how the new neurons themselves might actually function in the pathological situation.
In their report, published in this issue of Neuron, Jakubs et al. show that new granule cells that are formed in the pathological context of seizures show certain electrophysiological properties different from those produced under a physiological upregulation (i.e., voluntary wheel running) (Jakubs et al., 2006) . New neurons were labeled with a GFP-expressing retrovirus and analyzed
